The radiation-induced mutation Oligosyndactylism (Os) is associated with limb and kidney defects in heterozygotes and with mitotic arrest and embryonic lethality in homozygotes. We reported that the cell cycle block in Os and in the 94-A/K transgene-induced mutations is due to disruption of the Anapc10 (Apc10/Doc1) gene. To understand the genetic basis of the limb and kidney abnormalities in Os mice we characterized the structural changes of chromosome 8 associated with this mutation. We demonstrate that the Os chromosome 8 has suffered two breaks that are 5 cM ‫01ف(‬ Mb) apart and the internal fragment delineated by the breaks is in an inverted orientation on the mutant chromosome. While sequences in proximity to the distal break are present in an abnormal Os-specific Anapc10 hybrid transcript, transcription of these sequences in normal mice is low and difficult to detect. Transfer of the Os mutation onto an FVB/N background indicated that the absence of dominant effects in 94-A/K mice is not due to strain background effects on the mutation. Further analysis of this mutation will determine if a gene interrupted by the break or a long-range effect of the rearrangement on neighboring genes is responsible for the dominant effects of Os.
C ONGENITAL limb malformations are the second that affect renal mass. This is clinically important bemost common birth defect in humans (after heart cause bilateral renal hypoplasia is the fourth most commalformations), with a frequency of 1/1000 newborns mon cause of renal failure in childhood (Bernstein (Manouvrier-Hanu et al. 1999) . Several hundred hu-1992; Sorenson et al. 1996) . In addition to the dominant man syndromes involving various types of limb deforeffects on limb and kidney development, the Os mutation mity have been described; syndactyly is the most comhas a recessive effect on viability: homozygous Os/Os emmon deformity involving the hand (Barsky 1958) . So bryos die around the time of implantation, as a result far at least 20 different genes have been shown to play of cell cycle block at the metaphase/anaphase transition a role in these syndromes (Gurrieri et al. 2002) , but (Van Valen 1966; Paterson 1979 ; Magnuson and in many cases the identity of the affected genes remains Epstein 1984; Yee et al. 1987; Hiraoka et al. 1989) . unknown.
The Os mutation has been genetically mapped to Numerous mutations that affect digit development mouse chromosome 8 (Ceci and Mills 1997) . We idenhave been identified in mice (Lyon et al. 1996) . One tified two related transgene-induced mutations (94-A of these mutations, discovered in the progeny of an and 94-K) that map to the same region of chromosome irradiated male, is Oligosyndactylism (Os; Grüneberg 8. Genetic and phenotypic analysis indicated that the 1956). Two types of dominant developmental effects are 94-A/K mutations represent new alleles of the gene associated with this mutation: (i) fusion of the second causing mitotic arrest in Os/Os cells (Pravtcheva and and third digits on all four limbs, accompanied by fu Wise 1995 Wise , 1996 . cDNA selection with BAC clones from sions of metacarpal/metatarsal and carpal/tarsal bones this region and analysis of the selected cDNAs indicated and abnormal attachments of muscles in the distal limbs that the 94-A/K and Os mutations disrupt the gene encod- (Grü neberg 1956 (Grü neberg , 1961 Kadam 1962) , and (ii) a reing component 10 of the anaphase-promoting complex/ duced number of nephrons in the kidney (Falconer cyclosome (APC/C; Hwang and Murray 1997; Komiet al. 1964; Stewart and Stewart 1969; Zalups 1993 Zalups ), nami et al. 1998 Grossberger et al. 1999 ; Pravtcheva leading to nephrogenic urine concentration defects, and Wise 2001) . This gene, Anapc10, was previously rewhich in some strains manifest as diabetes insipidus ferred to as Apc10 or Doc1 (destruction of c yclin B mutant (Stewart and Stewart 1969) . The mouse Os mutation 1). APC/C is a ubiquitin ligase (Irniger et al. 1995 ; King thus may be useful for identifying one or more genes et al. 1995; Sudakin et al. 1995) , and its function is essential for the proteolytic destruction of several proteins that must take place for the cell cycle to proceed beyond metaphase 1 MATERIALS AND METHODS (Konishi et al. 2004; Wirth et al. 2004) . APC10 is believed to contribute to substrate recognition (Passmore et al. Mice: FVB/N mice were purchased from Taconic Farms 2003). The activity of APC/C is regulated by the spindle (Germantown, NY alkaline lysis procedure (Sambrook et al. 1989) . Genomic
Southern analysis of DNA from 94 A/K transgenic mice DNA from cells, tissues, and embryos was isolated by standard with probes from the Anapc10 region indicated that both methods (Sambrook et al. 1989; Hogan et al. 1994 cation of cDNA ends (RACE) clone corresponding to Amplification of genomic DNA: Standard PCR was done by the method of Saiki (1990) as described in Wise and this novel mRNA species and have determined that se- Pravtcheva (1997) . Primers for mapping the 500-9 region quences following Anapc10 exon 4 are missing from this were CAGCCTAGGTTTATTTATCA and CCCAGGATGCAA mRNA and are replaced by a short 150-nt fragment CAGTAATG. Long PCR was done by the method of Cheng et unrelated to Anapc10. The sequences absent from the al. (1995) . Primers used to show the inversion at the proximal shorter Anapc10 mRNA encode a highly conserved porbreakpoint were TTGTCTCTGTGCCCTCTAGT and TACA TAAACCAACGGAACAAC. Primers used to show the inversion tion of the APC10 protein, which led us to conclude at the distal breakpoint were AGGGCTCCATACTCAAATAGG that the protein encoded by the short mRNA species and GAAAGGCAGCCCAATGTCTAC. would be inactive. This inactivity would account for the Amplification of RNA: RT-PCR was done as described premitotic arrest in homozygous Os/Os embryos.
viously (Wise and Pravtcheva 1997) . Primers for RT-PCR of These results indicated the involvement of a second the 500-9 sequence were CAGACCCACCTCCACCTACT and genomic region in the Os mutation. Defining the exact CAGCCTAGGTTTATTTATCA.
Rapid amplification of cDNA ends: The 5Ј ends of mRNAs nature of the rearrangement will help us understand were amplified using a modification of the original RACE protothe genetic basis of the more complex phenotype of Os then electroeluted from the gel slice, dialyzed in 10 mm Tris, distant sequences closer: (i) a deletion with one breakpH 7.5, 0.1 mm EDTA, and diluted to a concentration of 0.6 point in the Anapc10 region and another one ‫5ف‬ cM g/ml for injection.
away (loss of a chromosome segment of this size would Micro-injection of DNA into early embryos: FVB/N embryos be expected to visibly alter the morphology of the muwere micro-injected as described by Hogan et al. (1994 94-A/K (Anapc10) region: As reported previously, probes from the region around one end of the 94-A and 94-K deletions (probes a and b in Figure 1A) Figure 1B . This cDNA clone contains sequences of Anapc10 exons 2-5. to this novel mRNA indicated that the 3Ј end of the Anapc10 mRNA is replaced by a 150-nt fragment unre-
The largest BamHI fragment recognized by this cDNA (exon 5) is polymorphic (f and fЈ in Figure 1B ) and is lated to the Anapc10 gene (for brevity we will refer to this novel sequence as 500-9, from the designation of Ͼ12 kb in FVB/N mice (fragment f) and ‫11ف‬ kb on both the normal and the mutant chromosome 8 in the the sequenced RACE clone). The 500-9 sequence was not present in any of the BACs containing the Anapc10 ROP/GnLe strain (fragment fЈ). The Os/ϩ mice shown in the first two lanes, produced from a cross between gene (by PCR and Southern hybridization analysis), indicating that 500-9 had originated from a genomic re-ROP/GnLe Os/ϩ and FVB/N mice, contain both the f and the fЈ variants, as does one of the normal mice shown gion outside of these BACs. To isolate a genomic clone that contains the 500-9 novel sequence we screened a in lane 3. The other normal mouse shown in lane 4 is from a different cross and contains two copies of the larger mouse BAC library (Genome Systems) with the 500-9 probe and isolated four BAC clones that showed homol-FVB/N f fragment, with a correspondingly stronger signal. This polymorphism is further illustrated in Figure 1B , ogy to the probe. A fifth BAC clone (68i8) was identified in the public database. A 16-kb HindIII BAC subfragright, which contains BamHI digests of DNA from Os/ϩ and ϩ/ϩ mice from strain ROP/Le Os Es1 a /ϩ Es1 a /J ment that contains the 500-9 sequence was subcloned and sequenced. Primers bracketing a polymorphic SacI (first three lanes), and FVB/N (fourth lane). None of the hybridizing fragments appears rearranged or weaksite in this sequence were used to screen the Jackson Laboratory BSS panel, to determine the exact position ened in the mutant mice. Three of the fragments hybridizing to this probe (indicated by asterisks in Figure  of this region on the mouse genetic map. This analysis indicated that the 500-9 sequence is at 42 cM, which is 1B, left) are not present on blots of Anapc10 region BACs and represent related sequences located on other ‫5ف‬ cM distal to Anapc10 (at 37 cM). The distance between Anapc10 and 500-9 on the chromosome 8 sechromosomes (see Figure 1 legend). These unlinked fragments can be used as a control for loading. These quence in Map Viewer (http://ncbi.nlm.nih.gov) is ‫01ف‬ Mb (see below). This indicates that the Os chromosome results indicate that the Os mutation is associated with a break in the continuity of the DNA in the region has rearranged to bring Anapc10 and 500-9 closer together.
adjacent to probes a and b and rejoining of the broken ends with DNA with a different restriction site composiSeveral types of rearrangement may bring normally tion. There is no evidence for loss or rearrangement of subclones or selected cDNAs that map within the 16-kb fragment indicated that EcoRI fragment 3 and probes sequences 5Ј (exons 2-4) or 3Ј (exon 5) from this break ( Figure 1B ). This conclusion is in agreement with the to the left detect the same novel fragment as the 500-9 novel sequence cDNA (designated Os-A in Figure 2B ), finding of an abnormal transcript containing Anapc10 exons 1-4 in Os mice. Therefore the more complex whereas probes to the right detect a different novel fragment designated Os-B [in addition to the 16-kb fragphenotype of Os mice cannot be explained by a large deletion in the Anapc10 region that overlaps with the ment present on the wild-type (wt) chromosome 8; Figure  2C ]. Southern hybridization of EcoRI-digested Os/ϩ deletion in 94-A/K mice but extends further to encompass additional genes. and ϩ/ϩ DNA hybridized with EcoRI fragment 3 is shown in Figure 2E . The probe detects two novel fragNo significant loss of sequences in the distal Os breakpoint region: We have subcloned several smaller fragments in Os mice (indicated by arrows) in addition to the fragment from the normal chromosome 8. This ments from the 16-kb HindIII fragment that contains the 500-9 novel sequence and used these subclones as is the expected outcome of a break within the EcoRI fragment 3 and rejoining of the broken ends with seprobes on Southern blots to determine if they detect rearrangements or deletions in Os mice. Several cDNAs quences with different restriction site composition. It has been reported that the Os chromosome 8 shows (see below) mapping to the 16-kb HindIII fragment were also used as probes (Figure 2A) . One of these cDNA clones suppression of recombination over a large centrally located segment. This nonrecombining segment contains (R1/R5, which contains the unspliced 500-9 sequence) hybridizes to the expected 16-kb HindIII fragment and, sequence polymorphisms characteristic of strain 101, from which the mutant chromosome 8 was derived in addition, to a smaller fragment that segregates with the Os mutation ( Figure 2B ). Further analysis using the (Lenz et al. 1998) . Such polymorphisms will segregate Figure 2. -Structural analysis of Os DNA with cDNA or genomic probes from the 500-9 homologous BACs. (A) EcoRI restriction map of the 16-kb HindIII fragment that contains the 500-9 novel sequence. The position of the restriction sites was confirmed by sequencing. The fragment was oriented by comparison with the sequence of contig NT_081826 and is shown in a (left to right) centromereto-telomere orientation. The EcoRI fragments are numbered according to size (1-5). A polymorphic HindIII site present in C57BL/6 and some other strains is indicated with an asterisk. Solid rectangles below the line mark the position of cDNAs (isolated by cDNA selection or library screening), as determined by sequencing. The 500-9 novel sequence is contained within cDNA clone R1/R5. The arrow underneath 500-9 indicates the 5Ј to 3Ј orientation of the sequence in the 500-9 hybrid transcript. The position of the breakpoint in EcoRI fragment 3 is indicated above the line. Figure 1A ). Mouse DNA was digested with HindIII and Southern blots were hybridized with the indicated cDNA or genomic probes. All samples in B-D are from progeny of an ROP/GnLe ϫ FVB/N cross. Os/ϩ lanes contain DNA from mutant mice; ϩ/ϩ lanes contain DNA from normal mice. Wt indicates the normal fragment recognized by the probe. Os-A and Os-B designate the two novel fragments homologous to the probes in Os mice. All probes were consecutively applied to the same blot. As previously reported (Pravtcheva and Wise 1996) , Anapc10 region probe b detects a HindIII fragment that is polymorphic between the normal ROP/GnLe chromosome 8 (where it has a size of ‫8ف‬ kb) and FVB/N mice (Ͼ12 kb size). Mutant mice in this cross have the large FVB/N fragment and fragment Os-B, whereas normal mice have the FVB/N fragment and the smaller ‫-8ف‬kb fragment from the ROP/GnLe strain normal chromosome 8. (E) Southern analysis of EcoRI-digested Os/ϩ and ϩ/ϩ DNA with EcoRI fragment 3. Arrows indicate the position of the two novel fragments detected in Os/ϩ mice. The lower-molecularweight band seen in all the lanes represents cross-hybridizing sequences located elsewhere in the genome.
with the mutation, even though they may be located at of strains with probes from the 16-kb HindIII fragment did reveal a polymorphism, most clearly illustrated after hya significant distance from the actual breakpoints. We had previously examined a number of different mouse bridization with cDNA clone 64/3. Several strains, including A/HeJ, C3H, C57BL/6, and the normal chromosome 8 strains for polymorphisms in the 94-A/K region (Pravtcheva and Wise 1996). Examination of the same set of the ROP/GnLe strain, contain a short, 1.3-kb HindIII This cDNA extends beyond the 16-kb HindIII fragment and detects an additional nonpolymorphic fragment of ‫5ف‬ kb. The large HindIII fragment present in 101 mice has the same size as the normal FVB/N fragment and is distinct from the mutation-associated fragment Os-A; the normal chromosome 8 in the ROP/GnLe strain has the polymorphic HindIII site ( Figure  2A ) resulting in the ‫-3.1ف‬kb fragment hybridizing to the probe. fragment, whereas the large 16-kb HindIII fragment is that span the proximal and distal chromosome 8 breaks.
The primers for each PCR are normally 10 Mb apart present in AKR, BALB/c, CBA, SJL, 129, 101, and FVB/N mice (fragments present in FVB/N, 101, and ROP/ and run in the same direction on normal chromosome 8 ( Figure 4A ). We first amplified a 10-kb PCR product GnLe are illustrated in Figure 3, A and B) . This polymorphism is due to the presence/absence of a HindIII site from the distal breakpoint ( Figure 4C ). Our Southern analysis indicated that this PCR product should contain close to the proximal end of the 16-kb HindIII fragment (Figure 2A ). cDNA 64/3 extends beyond the end of a 4.3-kb EcoRI fragment ( Figure 2E ) that contains the breakpoint, so we subcloned this fragment and sethe 16-kb HindIII fragment and also hybridizes to the adjacent nonpolymorphic fragment of ‫5ف‬ kb. Strains quenced it ( Figure 5A ). The sequence indicates that the centromeric side of the distal breakpoint contains that contain the short HindIII fragment detected with cDNA clone 64/3 (e.g., the normal chromosome 8 in an inverted sequence precisely from the region of the normal chromosome that is 10 Mb away on the telo-ROP/GnLe mice) show a slight decrease in the size of the normal fragment hybridizing with cDNA clones to meric side of the proximal breakpoint. We then used this sequence information to design primers that amthe right of the polymorphic HindIII site (R1/R5, 15, and 84; not shown). These results demonstrate that plify a fragment spanning the proximal breakpoint (Figure 4B ) and sequenced the fragment ( Figure 5B ). The the Os-A and Os-B fragments represent rearrangements specific to the mutant Os chromosome and not a polysequence indicates that the telomeric side of the proximal breakpoint contains an inverted sequence precisely morphism specific for the 101 strain of mice.
Os is associated with a chromosome inversion: Several from the region of the normal chromosome that is 10 Mb away on the centromeric side of the distal breakpoint. lines of evidence indicate that the rearrangement in Os is a chromosome inversion of the fragment between the The centromeric side of the proximal breakpoint contains 11 kb of LINE elements, so there are other very breaks in the Anapc10 and the 500-9 regions: (i) On the normal chromosome 8 the 500-9 novel sequence is closely related sequences from other regions of chromosome 8 and other chromosomes that match with the located ‫01ف‬ Mb away from the Anapc10 locus, on the centromeric side of the distal break (http://ncbi.nlm. relatively short sequence of the PCR product on the centromeric side of the breakpoint. But the sequence nih.gov; Figures 2A and 6, A and C) . The orientation of the normal 500-9 sequence is opposite to the orientadirectly adjacent to the breakpoint is the only one on chromosome 8 that perfectly matches with the sequence tion of the Anapc10 transcript. The production of a hybrid transcript indicates that on the Os chromosome 8 of the PCR product, and the size of the PCR product is exactly what is predicted from the genomic sequence. the distal end of the 10-Mb fragment is joined to Anapc10 exons 1-4 in an inverted orientation. (ii) Probes on the These results confirm that the proximal breakpoint is 5 kb centromeric of probe b ( Figure 1A ) and the distal telomeric side of the Anapc10 break (probe b in Figure  1A ) and on the telomeric side of the 500-9 region break breakpoint is 444 bp from the telomeric end of EcoRI fragment 3 (Figure 2A ). They also indicate that the 10-(cDNA 15) detect the same novel fragment in Os mice (Figure 2 
, A, C, and D). (iii) We have been able to
Mb region between the proximal and distal breakpoints has been inverted on the Os chromosome. There is only amplify Os-specific fragments by PCR with primer pairs away from the 500-9 breakpoint (Figure 6 ). Southern analysis of Os/ϩ DNA with cDNA clones of mouse Hhip (EST BU053222) and Sall1 (EST AI426947) genes demonstrated that both genes have normal structure and copy number in Os/ϩ mice (not shown), further strengthening our conclusion that the rearrangement in Os mice is not accompanied by loss of sequences between the breakpoints. We also detected no rearrangement or loss of the Abce1 gene (using EST AI930292 as a probe), located close (centromere proximal) to the proximal Os breakpoint, but outside of the inverted segment ( Figure 6 ). This is in agreement with an earlier report demonstrating retention (and lack of recombination) of strain 101-specific polymorphisms over a large segment of DNA, including the Anapc10-500-9 region (Lenz et al. 1998) .
Cytogenetic analysis of the Os mutation: The G-banding pattern of chromosome 8 in Os mice has been described as grossly normal (Lenz et al. 1998) . The exact positions of the Anapc10 and 500-9 loci on the cytogenetic map of chromosome 8 are currently unknown. According to Map Viewer (http://ncbi.nlm.nih.gov) the ability that can be due to technical factors and could not be associated with the normal vs. mutant chromosome 8 because of the absence of cytologically distinguishing a small loss of sequences at each breakpoint (13 bp at the distal breakpoint and 29 bp at the proximal breakpoint). characteristics of the two chromosomes 8. To distinguish the normal chromosome 8 from its Os homolog, The normal sequence spanning the proximal breakpoint contains a LINE element. In addition to the 11 kb of we crossed an Os female with a male homozygous for a Robertsonian translocation between chromosomes 8 LINE elements on the centromeric side of this breakpoint, 5 kb of LINE elements are on the telomeric side. and 12. E15 embryos were classified as normal or Os on the basis of their limb phenotype and were used to The normal sequence spanning the distal breakpoint also contains a LINE element and a number of LINE establish individual cell cultures. The derivation of the cells used for karyotype analysis from an Os embryo was elements are interspersed in the nearby sequence on either side. There is no homology, however, between the confirmed by genotyping (not shown). Examination of G-banded chromosomes of these cells confirmed the sequences directly at the proximal and distal breakpoints.
Genes between Anapc10 and 500-9 show no evidence weaker appearance of band C2 in one of the homologs and indicated that in the vast majority of the cases, this of loss and rearrangement in Os mice: A schematic of the rearrangement, based on the sequence information weakened band is seen on the (free) Os chromosome 8 ( Figure 7C ). Under our conditions of banding, band and our molecular analysis of Os mice, is shown in Figure  6 . We used genes within the Anapc10-500-9 segment as C4 is not detected ( Figure 7B ). A very faint band distal to C2, however, was observed in some of the cells on additional molecular probes to determine if this segment is intact in Os mice. The Hedgehog-interacting prothe Os chromosome 8 (e.g., the Os chromosome in Figure 7D ). These observations, together with our molecutein (Hhip) gene (Chuang and McMahon 1999) is the closest confirmed gene 3Ј of Anapc10 and is located lar analysis described above, lead us to propose the following explanation of the cytogenetic observations: ‫002ف‬ kb away on the telomeric side of the Anapc10 locus. The mouse Spalt-like 1 (Sall1) gene (Buck et al. one of the breaks of the Os inversion is located in band 8C2, whereas the other break is in an adjacent G-light 2000) is the closest confirmed gene on the left (centromere-proximal) flank of 500-9 and is located Ͼ400 kb band. The inversion would split band C2, accounting for its weak appearance. The origin of the very faint haps juxtaposed to the difficult-to-detect band C4. According to this interpretation, the second break would band distal to C2 is less certain. It could represent the distal portion of band 8C2 in its inverted position, peroccur in the light band, which in our preparations corre- The distal breakpoint is located within an intron of this hypothetical gene. 219f4, 96h13, 210g14, 128m20, and 68i8 are BAC clones from the 500-9 region. The extent of the BAC clones was determined by sequencing of the BAC ends and comparing the sequence with the assembled mouse genome sequence.
sponds to the region C3-C5. The faint distal band may ations, with the goal of producing a congenic FVB/N Os strain. There has been no disappearance or amelioraalso be due to an effect of the rearrangement on the degree of contraction of this segment of the chromotion of the dominant effects of Os, except for a greater tendency for splitting at the distal end of the fused digits some, which might make the usually elusive band 8C4 somewhat easier to detect.
2 and 3 on the front legs (which remain unambiguously syndactylous). In addition, we noticed a decline in the The different phenotypes of 94-A/K and Os mice are not due to strain background effects on the mutation: number of surviving Os mice in the colony after 3 months. A more controlled comparison of the life span The identification of a second chromosome region affected by the rearrangement present in Os suggested of Os mice on their original background and on the FVB/N background is in progress. We have not observed that the more complex phenotype of these mice may be due to the involvement of additional genes. gene encoding another component of the APC/C, tissues by RT-PCR and we have not been able to detect any longer versions of this transcript by 5Ј or 3Ј RACE APC2, is also not associated with abnormalities in the heterozygous state (Wirth et al. 2004) .
in normal mice. We used two additional approaches to identify tranTranscribed sequences from the region surrounding scribed sequences from the distal chromosome 8 region: the distal breakpoint on chromosome 8: Comparison of (i) screening of a day e10-e12 cDNA library made in the sequence of the 500-9 RACE clone with the mouse the laboratory with the 500-9 sequence [four identical genomic sequence indicates that the novel portion of the cDNA sequence spans a small intron. The presence of this intron is confirmed by the small difference in size observed between DNA and RT-PCR products (Figure 8) . The computer program Genscan also predicts the position of the intron and identifies the 3Ј exon as a terminal exon. These data thus suggest that either the 500-9 sequence is derived from a gene that has been disrupted by the Os rearrangement or cryptic splice sites have been activated by the rearrangement. Hybridization of the 500-9 novel sequence to multiple tissue Northerns and embryo Northerns of normal mice did not detect an unambiguous signal (a broad smear was detected at low stringency), whereas hybridization to weak expression of the 500-9 transcript in some normal clones of ‫1ف‬ kb (two of them designated R1 and R5), fying transcripts with the 500-9 clone and selected cDNAs from this region, suggest that if transcripts from which include the 500-9 sequence, were isolated] and (ii) cDNA selection with one of the distal chromosome this region are produced, they are of low abundance and/or restricted expression. 8 BACs (96h13; Figure 6 ). Three of the 30 cDNA clones with homology to the BAC (15, 64/3, and 84) were A BAC clone that spans the distal breakpoint does not restore normal development to Os mice: One possible located in proximity to the distal break (Figure 2) . All of the isolated cDNAs (including R1/R5), however, are explanation for the dominant effects of Os is that they are due to haplo-insufficiency of a gene(s) at the distal not spliced and lack large open reading frames. We have not detected a clear signal on multiple tissue break inactivated as a result of the rearrangement. If so, it should be possible to restore normal development Northerns or embryo Northerns from normal mice with any of these clones. They also show no homology to in Os mice by providing an additional copy of the inactivated gene. To determine if this will be the case, we cDNA sequences or ESTs in the public database. The 16-kb HindIII fragment containing the distal Os micro-injected FVB/N mouse embryos with a linearized mouse BAC clone (96h13) that spans the distal break breakpoint contains a sequence of 313 bp that is 87% identical to a segment in the orthologous region of in the Os chromosome 8. We identified four founders by PCR with primers from the vector sequences (not human chromosome 16. Several characteristics of the cDNA clones from this region-lack of correspondence shown). None of the transgenic founders or their progeny exhibited any obvious abnormalities. The extent to annotated genes, lack of ESTs in the public database, low-level and difficult-to-detect transcription, absence of the injected sequences retained in the individual founders was determined by Southern hybridization of long ORFs, and proximity to evolutionarily conserved noncoding sequences-are similar to the characteristics with probes from both ends of the linearized construct and with a probe within the 16-kb HindIII fragment of a recently described class of transcripts in humans (Kapranov et al. 2002; Kampa et al. 2004) . Although (cDNA clone 64-3; not shown). Two of the lines, 4 and 6, gave a positive signal with all of the probes, indicating there are a large number of such transcripts, their function is currently unknown.
that they probably have retained intact BAC copies. A cross between a line 4 male and an Os female produced Known and predicted genes in the vicinity of the distal Os breakpoint: There are no known genes in the distal a litter of nine, five of which were phenotypically Os. Two of the Os mice had also inherited the 96h13 transgene. breakpoint region, but there are several predicted genes in the vicinity of the breakpoint. One of the predicted There was no apparent difference in the phenotype of these two mice compared with their transgene-negative genes (hmn39311) that would be the strongest candidate for the dominant effects of Os is shown in Figure 6C .
Os littermates. We have also crossed homozygous females from transgenic line 6 with an Os male at the N5 The gene is predicted to contain 9 exons, and sequences from the last two exons are present in the 500-9 trangeneration of backcrossing with FVB/N. Six of 11 mice from this cross were phenotypically Os, despite the fact script (where they are spliced in a manner identical to that of the predicted transcript). This hypothetical gene that all of them contained one copy of the transgene. In addition, four of the six Os mice were dead by the would be interrupted by the Os rearrangement in an intron ( Figure 6 ) and its 3Ј portion would be placed in age of 7 weeks (while none of the wt mice had died by that time), indicating that they have a shortened life the correct transcriptional orientation with regard to Anapc10 as a result of the inversion. The predicted prosimilar to the Os mice backcrossed to FVB/N (see above). This analysis indicated that the presence of the tein shows some homology to a hepatocyte growth factor-related gene, Livertine (Ruiz i Altaba and Thery transgene does not restore normal development to mice with the Os mutation. 1996). No ESTs with homology to the predicted mRNA are present in the public databases, and there is no analogous gene prediction in the corresponding region DISCUSSION of human chromosome 16. We have so far detected no transcripts from this predicted gene by RT-PCR. Several
The radiation-induced Os mutation has a complex phenotype, affecting cell cycle progression and limb and kidadditional predicted genes are in proximity to the breakpoint (not shown). The closest ESTs are located ney development. The results presented here further characterize the rearrangement in Os mice, as a step toward ‫14ف‬ kb centromeric and ‫57ف‬ kb telomeric to this predicted gene and are unspliced (UCSC web site: http:// identifying the mechanism by which it disrupts normal development. genome.ucsc.edu). There are also no CpG islands in a Ͼ500-kb region around the 500-9 sequence (http:// We have determined that the novel 500-9 sequence from the Os-specific hybrid transcript originates from a genome.ucsc.edu). CpG islands are associated with the promoters of 100% of housekeeping genes and with genomic region that is normally ‫5ف‬ cM (by genetic mapping) and ‫01ف‬ Mb (by physical mapping) telomeric promoters or internal gene regions of ‫%04ف‬ of the tissue-specific genes (Larsen et al. 1992) . These data, to the Anapc10 locus on chromosome 8 ( Figure 6 ). Molecular analysis of Os/ϩ DNA with probes flanking together with the difficulty we have had so far in identi-the proximal and distal breaks and within the intervenelements in their entirety or that the abnormal Os phenotype is caused by another mechanism, e.g., abnormal ing 10-Mb segment showed no evidence for loss of sequences as a result of the Os rearrangement (Figures 1 activation of a neighboring gene or the production of a hybrid protein with novel properties. The latter possiand 2). We have presented molecular evidence that the Os mutation is associated with a chromosome inversion bility can be addressed by producing transgenic mice that express the abnormal hybrid transcript. (Figures 4 and 5) . One break of this inversion is within an intron of the Anapc10 gene, whereas the other break Genes located near the rearrangement breakpoints may be affected through long-range effects on their is a few kilobases telomeric to the 500-9 sequence (Figures 1, 2, and 4-6) . These results are in agreement expression. The nearest confirmed gene 3Ј of Anapc10 is the Hhip gene, at a distance of ‫002ف‬ kb ( Figure 6 ). with previous studies (Lenz et al. 1998) et al. 2002) . Interestingly, several mouse mutations affecting limb patterning have direction. The size of the nonrecombinant flanks of the inversion is comparable to the estimated size of the been associated with long-range position effect on the activity of Ihh or Shh over a distance of 1.3-1.8 cM (Yang genomic segment of donor origin retained in a congenic strain (Flaherty 1981 (Flaherty ). et al. 1998 Sharpe et al. 1999; Lettice et al. 2002 Lettice et al. , 2003 . The Abce1 gene (ATP-binding cassette, subfamily E, Comparison of the 500-9 transcript sequence with that of genomic DNA indicates that 500-9 contains two member 1, or ribonuclease L inhibitor, RNS4I, Rli) is located in close proximity to the 5Ј end of Anapc10 and exons separated by a small intron. The 500-9 sequence and four unspliced cDNAs isolated by cDNA library is transcribed in the opposite orientation ( Figure 6 ). Abce1 belongs to a family of proteins that contain a screening show overlap with a Gnomon-predicted transcript in the 500-9 region (Figure 6 ). The inversion conserved ATP-binding domain, and many are believed to function as transporters across cell membranes would place the 3Ј portion of the predicted gene, including the 500-9 sequence, in proximity to and in the (Schriml and Dean 2000) . Abce1 is an inhibitor of ribonuclease L (Bisbal et al. 1995) , and both play a role in same transcriptional orientation as the Anapc10 gene ( Figure 6 ). While these results support the idea that the controlling cell differentiation (Bisbal et al. 2000) . We have not detected any difference in Abce1 expression 500-9 sequence is part of a normal gene that has been interrupted as a result of the Os rearrangement, so far between normal and Os adult tissues (our unpublished observations). we have not been able to unambiguously identify a transcript corresponding to the 500-9 sequence in any tissues Sall1 is located ‫004ف‬ kb away from 500-9 ( Figure 6 ) and is the closest confirmed gene on its centromeric of normal mice by Northern analysis or RACE. A large number of low-level transcripts that map outside of anside. The human homolog of Sall1 (SALL1) has been implicated in a developmental syndrome with limb and notated exonic and EST sequences was found in a study of the transcriptional activity of human chromosomes kidney involvement [Townes-Brocks syndrome (TBS); Kohlhase et al. 1998 ]. Mice that lack the mSall1 gene 21 and 22 (Kapranov et al. 2002; Kampa et al. 2004) , and they share some of the characteristics of the 500-9 (Nishinakamura et al. 2001) failed to develop kidneys, but showed no abnormalities in their limbs. On the region cDNA clones. Further analysis of these cDNAs will determine what is the effect of the Os rearrangement other hand, a targeted mutation producing a truncated Sall1 protein similar to the one found in TBS patients on their transcription and what if any role they play in the Os phenotype.
resulted in abnormal kidney and limb development (Kiefer et al. 2003) . A position effect on SALLI exIf a gene in this region is interrupted and inactivated by the rearrangement, the abnormal Os phenotype tending over ‫081ف‬ kb has been described in a patient with Townes-Brocks syndrome (Marlin et al. 1999) . The would be due to haplo-insufficiency for this gene's product. To test this hypothesis, we have produced transgenic closest gene known to code for a protein on the telomeric side of 500-9 (C230068E13) is located ‫077ف‬ kb mice with one of the 500-9 region BACs (96h13; Figure  6 ). The transgenes, however, were not able to restore away. The results presented here also clarify the relative normal development to Os mice. While a positive effect of the transgene would have been informative, the lack chromosome position of Os and another mutation on chromosome 8 associated with abnormal limb developof an effect is less so. It could indicate that the transgene did not contain the interrupted gene and its regulatory ment, Fused toes (Fts; Van der Hoeven et al. 1994) . Fts
